The process of G-protein-coupled receptor (GPCR) homologous desensitization is intrinsically related to the function of a class of S/T kinases named G-protein-coupled receptor kinases (GRK). GRK family is so far composed of six cloned members, named GRK1 to 6, which are classified into three subfamilies: GRK1 is alone in the first (rhodopsin kinase subfamily), GRK2 and 3 form the second . This mechanism, however, is highly selective with respect to the GRK subtypes: GRK1, but not GRK2 and GRK5, is regulated by recoverin and other NCS, but GRK4, 5, and 6, which belong to the GRK4 subfamily are potently inhibited by CaM, which has little or no effect on members of other GRK subfamilies. Calcium-dependent inhibition of rhodopsin kinase by recoverin represents one of the mechanisms that control adaptation to light. For the other GPCR, CSP-GRK interaction provides a feedback mechanism that can modulate homologous desensitization of these receptors.-Iacovelli, L., Sallese, M., Mariggiò , S., De Blasi, A. Regulation of G-protein-coupled receptor kinase subtypes by calcium sensor proteins. FASEB J.
ONE CELL NEEDS TO continuously communicate with other cells in order to maintain the coherent function and specialization of the system they are a part of. Cellsurface receptors perform this important task by receiving and transducing within the cell signals coming from outside. The largest known family of cell-surface receptors is that of G-protein-coupled receptors (GPCR), 2 which mediate the transmission of very diverse stimuli such as neurotransmitters, glycopeptides hormones, peptides, odorant molecules, and photons. The functional unit is composed of the GPCR, with the characteristic structure spanning the membrane seven times, the heterotrimeric G-protein with its a-and bgsubunits (Ga and Gbg), and the effectors that interact with Ga-GTP and/or Gbg. In particular, the dissociated Ga and Gbg can activate or inhibit a number of effector molecules like adenylyl cyclases, phospholipase C isoforms, ion channels, and tyrosine kinases, resulting in a variety of cellular functions (1) .
The process of signal transduction mediated by GPCR must be properly regulated in order to prevent overstimulation, achieve signal termination, and render the receptor responsive to subsequent stimuli. One fundamental mechanism of regulation is receptor homologous desensitization, which occurs rapidly after receptor occupancy by the agonist. Desensitization is an adaptive mechanism of the receptors that favors the regaining of receptor responsiveness after repeated stimuli over time (2, 3) .
RECEPTOR HOMOLOGOUS DESENSITIZATION
The process of homologous desensitization is intrinsically related to the function of a class of serine/ threonine (S/T) kinases named G-protein-coupled receptor kinases (GRK) (2) (3) (4) (5) . The term 'homologous' means that the desensitization of the receptor is initiated by the activation of the same receptor by the agonist. Only the occupied receptor, unlike the unbound receptor, has the suitable conformation to be phosphorylated by GRK. Phosphorylation can occur at carboxyl terminus, as for rhodopsin and the b 2 -adrenergic receptor, or at the third intracellular loop, as for the M 2 -muscarinic and a 2 -adrenergic receptors (6). GRK-phosphorylated receptors are only minimally desensitized, but this phosphorylation increases the affinity for arrestin. Binding of arrestin to the receptor then induces maximal homologous desensitization. The next event is the receptor sequestration in endosomal vesicles, where it will be degraded (down-regulation) or dephosphorylated by a specific phosphatase and then recycled to the membrane (resensitization). Even though the data so far depict a convincing picture of what happens between agonist binding to the receptor and its sequestration, the biochemical details of receptor regeneration events are far less clear and are still a matter of investigation. For rhodopsin, the removal of the agonist induces the dissociation of arrestin and dephosphorylation by protein phosphatase 2A. It has been shown for other GPCR that the lower pH in the endosomal compartment is probably responsible for the phosphatase activation and receptor conformational change that promote arrestin disassembling (4) . Homologous desensitization is distinct from the other process of loss of receptor responsiveness known as heterologous desensitization, which is determined mainly by second messenger-dependent kinases protein kinase A (PKA) and PKC (3). The main difference between the two processes is that activated PKA or PKC phosphorylate not only agonist-stimulated receptors, but also a number of other receptors.
Structure and function of GRK
The GRK family is composed so far of six cloned members, named GRK1 to 6 (Fig. 1) . The overall structure of GRK consists of a central core, the catalytic domain, flanked by the amino-terminal region and the carboxyl-terminal region. Based on sequence homology, these six GRK subtypes are classified into three subfamilies ( Fig. 1 ): GRK1 is alone in the first [rhodopsin kinase (RK) subfamily], GRK2 and 3 form the second [b-adrenergic receptor kinase (bARK] subfamily), whereas GRK4, 5, and 6 constitute the third (GRK4 subfamily). The catalytic domain, also containing the ATP binding site, is the most conserved region among all GRK subtypes. Sites of alternative splicing have been identified for some subtypes of GRK and this topic is still under investigation. For human GRK2 and 3, no splice variants have been discovered, and one was found in GRK1 sequence. Human GRK4 has been demonstrated to have two sites of alternative splicing-one at the amino-terminal domain (exon 2), the other at carboxyl-terminal domain (exon 15)-resulting in four splice variants (7, 8) . As GRK4, 5, and 6 are closely related, alternative splicings could be predicted in the latter two GRK. So far, Elalouf et al. (9) have demonstrated the existence of splice variants in rat GRK6, which are different from the GRK4 splice variants.
The membrane targeting domains of GRK subtypes ( Fig. 1) whereas a palmitoylation site is present in both GRK4 and GRK6. GRK2 and 3 have an extended carboxyl terminus in which a PH domain is located, and they are targeted to membrane by binding to Gbg. The Gbg binding domain partially overlaps with the PH domain. GRK5 likely binds to the membrane phospholipids by a positively charged amino acids cluster located at the carboxyl terminus.
Mechanisms that regulate GRK activity
Phosphorylation-dependent homologous desensitization is a general mechanism that regulates GPCRmediated signaling. Given the extraordinarily large number of GPCR identified so far (¢1000) and the relatively small number of GRK (six genes), it appears that the interaction between these proteins is not based on a 'one kinase for one receptor' rule. Most cell types have a variety of GPCR on the surface and express more than one GRK that could phosphorylate and regulate these receptors. Different GPCR can be phosphorylated by the same GRK subtype, indicating that receptor specificity is not the key determinant for kinase-receptor interaction. Therefore, it is possible to hypothesize the existence of intracellular mechanisms able to regulate the activity of GRK and to provide some degree of selectivity in the interaction between GPCR and receptor kinases (Fig. 2) .
Several mechanisms able to modulate the activity of GRK have been identified. As an initial step, the stimulated receptor (i.e., agonist-occupied) is able to activate GRK (10, 11) . Conformational changes of the receptors induced by agonist binding cause the exposure of two physically and functionally distinct domains. One contains the sequence that is phosphorylated by GRK and the second works as an activator of these kinases. For example in the M 2 -muscarinic receptor, the sites phosphorylated by GRK2 and the domains able to activate this kinase were found to be located in different intracellular regions of the receptor (11) . PIP 2 and Gbg, which are major determinants for GRK membrane targeting, are also potent activators of these kinases (12) (13) (14) . PIP 2 enhances the ability of GRK subtypes to phosphorylate receptor substrate. It directly interacts with GRK and facilitates membrane association of the kinase. Although the structure and location of the PIP 2 binding site are distinct in GRK subfamilies, the activation by PIP 2 was documented with virtually all the GRK subtypes (GRK1 was not tested). In contrast, the ability of Gbg to enhance kinase activity was seen exclusively with the bARK subfamily members GRK2 and GRK3. Only GRK2 and GRK3 have an extended carboxyl terminus that contains the Gbg binding site (15) . All other GRK have a shorter carboxyl terminus lacking either the PH domain or the Gbg binding sequence.
Intracellular calcium can modulate GRK activity by different mechanisms. For example, a rise in cytosolic calcium activates PKC, which can phosphorylate different GRK (16) (17) (18) . Phosphorylation by PKC has opposing functional effects on GRK subtypes: GRK2 kinase activity is increased whereas GRK5 is substantially inhibited.
Increased intracellular calcium also binds to and activates intracellular proteins known as calcium sensor proteins (CSP). Different CSP can selectively regulate the activity of GRK subtypes, and this article will review recent findings on this topic.
REGULATION OF GRK BY CALCIUM SENSOR PROTEINS

Calcium sensor proteins
Interaction of Ca 2/ with a large number of Ca 2/ binding proteins represents one of the mechanisms by which this second messenger controls many biological processes (19, 20) . Calcium binds with high affinity to these Ca 2/ binding proteins and induces conformational changes that enable these proteins to interact and regulate a variety of targets. One class of these proteins shares a common Ca 2/ binding motif, the EF-hand (20) . This structural motif, first identified in the crystal structure of parvalbumin, consists of two perpendicularly placed a-helices (helices E and F in parvalbumin) and one interhelical loop, which together form a single Ca 2/ binding site. The mechanism of this molecular switch lies in the conformational change induced by Ca 2/ binding. EFhand proteins with regulatory roles are often termed CSP, whereas those involved in Ca 2/ buffering and transport are termed Ca 2/ buffer proteins (see ref 20 for review). CSP represent a heterogeneous class of proteins that includes calmodulin (CaM), neuron-specific calcium sensor proteins called neuronal calcium sensors (NCS) such as recoverin, visinlike protein (VILIP), neurocalcin, hippocalcin, and the recently identified S100 family members.
Interaction between recoverin and RK (GRK1)
The first evidence of interaction and regulation of GRK by a CSP was obtained in studies of retinal phototransduction. Confirming earlier observations by Kawamura (21) , several studies have suggested that the Ca 2/ effect on cGMP phosphodiesterase is likely mediated by recoverin, which was able to decrease light-dependent rhodopsin phosphorylation (22, 23) . This resulted in a prolonged lifetime of catalytically active rhodopsin and, therefore, in a larger number of transducin molecules activated by rhodopsin. Recoverin (also called S-modulin in the frog) is a myristoylated CSP expressed predominantly in vertebrate photoreceptor cells.
The molecular mechanisms of recoverin inhibition of rhodopsin phosphorylation was subsequently elucidated (24, 25) . It was found that recoverin acts directly on RK to decrease its catalytic activity and that no components other than rhodopsin, RK, and recoverin are required. Inhibition of rhodopsin phosphorylation by recoverin was Ca 2/ dependent. The covalently attached myristoyl residue enhanced the inhibitory effect of recoverin, as determined in an assay of phosphorylation of urea-stripped rod outer segments (ROS) membranes by purified recombinant RK. The IC 50 for myristoylated recoverin was 0.8 mM and the IC 50 for nonacylated recoverin was 8 mM at saturating Ca 2/ concentrations. Since myristoylated recoverin was a better inhibitor than nonacylated recoverin, it was suggested that the interaction of recoverin with ROS membranes enhances the inhibitory effect. However, this point is still controversial and requires further investigation (24, 26) . In another study it was found that the inhibitory effect of recoverin was not affected by changing the concentration of bleached rhodopsin or the amount of membranes, leading Klenchin et al. (24) to conclude that recoverin action does not require binding to rhodopsin or ROS membranes.
Physical interaction between recoverin and RK likely represents the mechanism of the inhibition of the kinase. Recoverin binds directly to RK in a Ca 2/ -dependent manner. This is a high-affinity interaction, and immobilized recoverin was used as affinity matrix to purify RK (25) .
Interaction between CaM and bARK family members (GRK2 and 3)
While investigating whether the interaction and regulation of GRK by CSP is a general mechanism, three different laboratories have found that GRK2 and GRK3 are inhibited by CaM in a calcium-dependent manner (27) (28) (29) /CaM whereas the binding of GRK2 and 3 to Gbg is critical in mediating the activation of these two GRK subtypes. Therefore, Gbg was proposed as a possible site of indirect interaction between GRK2 and 3 with Ca 2/ /CaM. However, CaM was able to inhibit GRK2 kinase activity even in the absence of Gbg, indicating that the effect of CaM is not due to sequestration of Gbg from GRK2 (28, 29) . Rather, preliminary data indicate that the inhibition is the result of a direct interaction between CaM and GRK2.
Interaction between CaM and GRK4 subfamily members (GRK4, 5, and 6)
The analysis of different GRK isoforms led to the unexpected observation that CaM is a potent inhibitor of GRK5 (27, 29) . The IC 50 was 40-50 nM, indicating that CaM is Ç50-fold more potent in inhibiting GRK5 kinase activity than GRK2 and 3. The other two members of this GRK subfamily, GRK4 and GRK6, were also strongly inhibited by CaM. The inhibitory effect of CaM on GRK4 (8) and GRK6 (29) was Ç3-fold lower than that on GRK5 and Ç30-fold more potent than that on GRK2. For GRK4 the calculated IC 50 was 80 nM (8) .
The high-affinity interaction between CaM and GRK5 was extensively characterized. CaM inhibited the ability of GRK5 to phosphorylate bovine retinal ROS in a calcium-dependent manner, and this effect was prevented by the CaM inhibitor peptide CaMBd. A direct interaction between GRK5 and Ca 2/ /CaM was demonstrated using CaM-conjugated Sepharose 4B and confirmed using surface plasmon resonance (SPR) technology on a BIAcore instrument. The calculated K d for this interaction was Ç10 nM, a value in good agreement with the IC 50 for CaM-dependent inhibition of ROS phosphorylation. This binding does not influence the catalytic activity of GRK5 as demonstrated by the lack of inhibitory effect on its phosphorylating activity on the soluble GRK substrate casein. Instead, Ca Direct binding of CaM to GRK4 was also documented (8) . However, the inhibitory effect of CaM on membrane binding was more evident for GRK5 than for GRK4 (M. Sallese and A. De Blasi, unpublished observations) and likely accounts for the Çthreefold more potent inhibitory effect of CaM on rhodopsin phosphorylation by GRK5 than by GRK4 and by GRK6. Unlike GRK4 and GRK6, which utilize covalent lipid modification to enhance binding to phospholipid membranes, GRK5 appears to interact directly with phospholipids via regions rich in basic amino acids (4, 5) . This different mechanism of membrane targeting provides a likely explanation for different sensitivity to CaM. However, additional mechanisms are probably important for the inhibitory effects of CaM on GRK (29) . For example it was observed that the IC 50 of CaM to inhibit GRK5 binding to ROS membranes (Ç300-400 nM) was some six-to eightfold higher that the IC 50 for rhodopsin phosphorylation. Moreover, at high CaM concentrations (2 mM), Ç20% of the kinase remained bound to ROS membranes even though rhodopsin phosphorylation was reduced by ú99%. Also CaM inhibited GRK5 phosphorylation of the soluble substrate phosvitin (IC 50 Ç600 nM), suggesting that CaM interacts with regions of GRK5 that are likely involved in substrate binding. Together, these results indicate that CaM can directly compete for both the lipid and receptor binding sites of GRK5.
Unexpectedly it was found that CaM activates GRK5 autophosphorylation (29) . It was already known that phospholipids can activate GRK5 autophosphorylation and that this resulted in activation of this kinase. However, GRK5 autophosphorylation activated by CaM was found to occur on S and T residues different from the residue (S 484 and T
485
) substrate for phospholipid-induced autophosphorylation. Indeed, CaM-activated GRK5 autophosphorylation was observed even after mutation of S 484 an T 485 into aspartic acid. It was found that autophosphorylation is not the major determinant in inhibiting GRK5 activity, but it may enhance the sensitivity of GRK5 to CaM (29) .
The following model of GRK5 regulation by CaM was proposed (29) . At resting Ca 2/ concentrations, GRK5 is active and able to phosphorylate agonist-occupied receptors. When a cell is stimulated and intracellular Ca 2/ levels rise, CaM binds to GRK5 and directly inhibits receptor phosphorylation. However, since CaM-stimulated autophosphorylation also inhibits GRK5 activity, the kinase should remain inhibited even when Ca 2/ levels go down and CaM dissociates from the enzyme. Presumably, GRK5 will eventually be dephosphorylated and return to its basal level of activity. Thus, CaM-stimulated autophosphorylation may prolong the inhibitory effect of a transient increase of intracellular Ca 2/ levels on GRK5. A similar regulatory cycle has been demonstrated for CaM-kinase II (33) .
The CaM binding site in GRK5 was identified (29) and found to be located near the amino terminus of the kinase (amino acids 20-39). GRK5-GST fusion proteins lacking this domain were unable to inhibit CaM-induced GRK5 autophosphorylation. This CaM binding site of GRK5 was confirmed by using SPR technology on a BIAcore instrument. Most of the CaM binding sites identified contain a basic amphipathic a-helical structure with a large number of positively charged residues as well as hydrophobic residues that repeat with a three to four period (30, 31) . Consistent with this model, helical wheel projection of the region of GRK5 that binds CaM shows the segregation of basic and hydrophobic residues to opposite sides of the helix, thereby making them available for interaction with acidic and hydrophobic patches of CaM.
The sequence corresponding to the CaM binding site was conserved within the GRK4 subfamily (GRK4, 5, and 6), which all interact with CaM at high affinity. By contrast, the putative binding site is poorly conserved in GRK1, 2, and 3, which interact with CaM at much lower affinity. Residues 22-39 of GRK5 were suggested to be involved in binding to PIP 2 , which leads to the activation of these kinases (14) . Since the putative PIP 2 and CaM binding domains are substantially overlapping, CaM could compete for binding of PIP 2 to GRK5. According to this possibility, the experimental evidences show that CaM inhibits direct binding of the kinase to phospholipid vesicles.
In GRK4, the region homologous to the CaM binding site of GRK5 lies entirely within exon 2, which is alternatively spliced (8) . GRK4b and GRK4d subtypes, which do not contain this sequence, were unable to bind to CaM, further supporting the role of this sequence as a CaM interacting site. However, additional sites are likely important for CaM-GRK4 physical interaction. This was indicated by the finding that GRK4g, which contains the sequence encoded by exon 2 but lacks exon 15 (located near the carboxyl terminus), also was unable to bind to CaM (8) .
Selectivity in the regulation of GRK by CSP
These studies suggest that CSP act as functional analogs in mediating the regulation of different GRK subtypes by Ca 2/ . Preliminary studies also indicate that S100 protein is able to inhibit GRK2 in a calcium-dependent manner (34) , suggesting that several classes of EF-hand CSP can regulate GRK activity. This mechanism is, however, highly selective with respect to the different CSP and GRK subtypes (see Table 1 ).
In parallel experiments, Chen et al. (25) first showed that recoverin, which inhibited GRK1 phosphorylating activity by direct binding to this kinase, did not interact with GRK2 and was ineffective on ROS phosphorylation by this kinase subtype. Recov- a CSP were ineffective (-) or able to inhibit the indicated GRK subtypes with different degree of potency (/). nd, not determined; (*), unpublished data from our laboratory; (**), Fig. 3 , present paper. Figure 3 . GRK5 phosphorylating activity is selectively inhibited by CaM. Urea-treated ROS was incubated with 10 nM pure GRK5 under phosphorylating conditions, and phosphorylated rhodopsin (Opsin) was revealed by autoradiography after polyacrylamide gel electrophoresis. The effect of VILIP, neuronal calcium sensor 1 (NCS1), CaM, recoverin (RECOV), and hippocalcin (HIP) was evaluated in the presence or absence of Ca 2/ (1 mM). CaM concentration was 0.5 mM whereas the concentration of all the other calcium binding proteins was 2 mM.
erin is a member of the NCS family; several other members, including NCS 1, VILIP 1, and hippocalcin, are also able to inhibit GRK1 in a calcium-dependent manner (26) . However, these NCS are not able to inhibit GRK5 kinase activity (Fig. 3 ). An analysis of VILIP in olfactory neurons indicated that, in these cells, VILIP does not interfere with GRK3 (35) . Since GRK2 is the relevant GRK subtype in olfactory neurons, these results further confirm that VILIP selectively inhibits GRK1 (26) and does not affect either GRK3 (35) or GRK5 (Fig. 3) . Taken together, these data indicate that recoverin and other NCS can selectively inhibit GRK1 and do not affect the other GRK subtypes. By contrast, CaM strongly inhibits GRK4 subfamily members whereas it has little (for GRK2 and 3) or no (for GRK1) effect on the other GRK. This profile of selectivity is consistent with the tissue distribution of these proteins. Recoverin, which is a retinal protein, preferentially regulates rhodopsin kinase (GRK1) whereas the ubiquitously expressed CaM preferentially interacts with the GRK5 found in a large variety of tissues and cells.
Functional implications
The functional consequences of recoverin-RK interaction were intensively investigated. Calcium ions regulate several steps of the phototransduction process by modifying the activity of different Ca 2/ binding proteins, which in turn interact with key enzymes in the cascades (36, 37) . Several pathways are activated when the concentration of Ca 2/ decreases after photon absorption, and they all lead to negative regulation of the effect of light. These feedback mechanisms speed up the recovery of the response to light and diminish the effect of illumination, thus enabling the cell to adapt to background light. Recoverin is involved in one such mechanism. Reduction of Ca 2/ levels by photon absorption uncouples recoverin from RK, thus allowing the inhibitory effect of rhodopsin phosphorylation to proceed. This results in a shorter lifetime of rhodopsin in photolyzed state, which is one mechanism of light adaptation. Some observations, however, suggest that the above model might represent an oversimplified and perhaps incorrect view (36) . For example, in transgenic mice the recoverin knockout had no major effects on the response of the cell to light flashes. But these data must be interpreted with caution, since the alteration of the recoverin gene could result in an unexpected compensation by other components of the phototransduction cascade. In recent studies, Senin et al. (38, 39) found that recoverin inhibits the phosphorylation of dark-adapted rhodopsin better than that of bleached rhodopsin. It was proposed that the role of recoverin-dependent regulation of RK is to prevent the enzyme from participating in the unwanted phosphorylation of dark-adapted rhodopsin (this phenomenon is known as 'high-gain' phosphorylation) (38, 39) .
The functional consequences of regulation of GRK subtypes by CaM can be hypothesized. A number of GPCR are substrates of GRK2, 3, and 5; some of these receptors are coupled to fluctuations in intracellular Ca 2/ concentrations, e.g., substance P, angiotensin II receptors. CaM can therefore provide a feedback mechanism for modifying homologous desensitization of these receptors. Furthermore, in any one cell, a number of receptor substrates for GRK2, 3 and 5 may be present and calcium sensors may therefore mediate a novel route of crosstalk in which one Ca 2/ regulating receptor agonist can acutely regulate the phosphorylating activity of these GRK subtypes, thus modulating the functional efficiency of a different receptor. Only few functional data are available. Haga et al. (28) found that in transfected CHO cells the sequestration of the M 2 -muscarinic receptor is attenuated by treatment with Ca 2/ ionophore A23187. Since M 2 -muscarinic receptor sequestration is a specific and sensitive sensor of GRK2 activity (40) , these results indicate that the activity of GRK2 in intact cells is suppressed by increased levels of Ca 2/ concentration.
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FUTURE DIRECTIONS
The high level of redundancy of the mechanisms regulating receptor-induced intracellular responses clearly indicates that signal transduction must be highly regulated. A challenging point is to define how these different effectors work in integrated systems. Studies using intact cells or complex experimental models should be performed to define the relative role and the integrated functioning of regulatory mechanisms.
The role of intracellular calcium in modulating the regulatory proteins is becoming more and more relevant. Future studies will shed new light on further implications. For example, many other CSP could be involved in the regulation of GPCR-mediated signaling. A new class of phosphatases, named G-proteincoupled receptor phosphatases (GRP), has been recently identified. These GRP dephosphorylate desensitized receptors, thus favoring resensitization (41) (42) (43) . It is interesting that these GRP possess two EF-hands and their activity is calcium dependent.
All these observations support the idea of a complex integrated network working for an efficient signaling. The identification of these players and the definition of their relative function represent a major goal in the field. 
